The role of small silica particles on the stiffness and glass transition dynamics of polyvinylacetate (PVAc) was examined for filler volume fraction (φ) from 0 to 0.28. Whereas the influences of bound polymer and a strain-dependent filler network were clearly noted in the shear properties, the only effect of filler on the bulk modulus was the reduction in deformable polymer. The calorimetric glass transition of PVAc and its dependence on cooling rate were unaltered by the presence of the silica, in agreement with previous dielectric relaxation results. In contrast to the temperature dependence of the segmental dynamics, which was independent of φ, the effect of volume on segmental relaxation was amplified by the addition of silica. This resulted in larger values for the thermodynamic scaling exponent (γ), which also increased sharply at the filler concentration corresponding to the development of a percolated filler network.
INTRODUCTION
Small-particle fillers generally increase both the stiffness and strength of rubber, as well as improving its processability. [1] [2] [3] Development of novel fillers such as carbon nanotubes, 4, 5 nanoclay, 6, 7 graphene, 8, 9 silica, 10, 11 and diamond 12 nanoparticles has led to increased interest in polymer reinforcement. The effect of fillers on the mechanical response is very strain dependent. At all strains, stress amplification in the vicinity of the inextensible particles increases the modulus; 13, 14 however, when the filler concentration is sufficiently high, a network structure forms, giving rise to a larger and strongly nonlinear modulus. [15] [16] [17] [18] The nonlinearity is due to the mechanical lability of the flocculated particle structure, the breakup of which is governed by the strain energy. [19] [20] [21] Interaction of the polymer chains in the vicinity of the filler interface can be expected to influence the former's local segmental dynamics, and there are various reports of glassy behavior induced in rubbery material due to proximity of filler particles such as carbon black. [22] [23] [24] [25] On the other hand, a recent review 26 found that often there is no measurable effect on T g and that at least some conclusions regarding glassy interfacial dynamics are spurious. A characteristic property of the local segmental dynamics we investigate herein is the density scaling of the local segmental relaxation times. Commonly the complex interactions among molecules or chain segments are approximated as a spherically symmetric, two-body potential. Moreover, for local properties is it sufficient to neglect the slowly varying attractive term, so that the potential is represented by a simple inverse-power-law (IPL) repulsive potential 27, 28 U(r) = Ar -3γ (1) in which r is the intersegment distance, while A and γ are material constants (independent of thermodynamic conditions). To the extent the intermolecular potential can be represented by an IPL over the range of r relevant to the segmental dynamics, all thermodynamic properties can be expressed as a function of r 3γ or equivalently V γ , where V is the specific volume. 28, 29, 30 It follows that the local segmental relaxation times of polymers will depend only on the product variable TV γ ,
as has been demonstrated for more than 50 liquids and polymers. 31, 32 Notwithstanding this interpretation of the scaling as arising from an IPL approximation, relaxation times for the global chain modes of polymers are also a function of TV γ with the same value of the exponent. 33, 34 This is an interesting result since the chain modes certainly involve substantial values of r at which an IPL can no longer be accurate.
In this paper we analyze data on neat and silica-reinforced polyvinylacetate (PVAc), making use of density scaling to obtain information not amenable to direct experimental measurements. PVAc is not a general purpose elastomer due to its high T g ; however, the latter makes it convenient for carrying out measurements both above and below T g . The silica consisted of ~ 100 nm spherical particles, surface-treated to provide stronger interaction with the polymer.
EXPERIMENTAL DETAILS
Polyvinylacetate (Sigma-Aldrich; M w = 167 kg/mol; M w /M n = 2.01) was mixed with Nan-O-Sil amorphous colloidal silica (Energy Strategy Associates, Inc.; spherical particles with average diameter of ~100 nm; surface treated with tetrasulfidosilane) using a Brabender PlastiCorder mixer at 70 °C. Silica was incorporated into the PVAc at loadings from 0 to 28% (by volume). The final silica concentrations in the compounds were verified by thermogravimetric analysis. Good dispersion of the silica was affirmed for all filler concentrations from the optical transparency of the samples and by transmission electron microscopy (TEM). Representative TEM images are shown in Figure 1 . Modulated differential scanning calorimetry (MDSC) was carried out using a TA Instruments Q100, calibrated with a sapphire standard. Samples were thoroughly dried prior to MDSC measurements. For measurement of T g , data were collected during cooling of the samples in the calorimeter from 140 to -10 °C at 1 C/min using a 1 degree modulation with a 60 s period. The cooling rate dependence of fictive temperature was also assessed using MDSC. For these experiments samples were cooled from 140 to -10 °C in the calorimeter at various logarithmically spaced rates over the range 0.1 to 20 C/min, with the fictive temperature determined from measurements during subsequent heating at 2 C/min (modulation amplitude and period same as for the T g measurements). Dielectric relaxation measurements employed a Novocontrol Alpha analyzer in combination with a Delta Design model 9023 oven. Values of the viscosity were measured at 70°C in a Mooney viscometer using the small rotor. Dynamic shear measurements on a TA Instruments ARES rheometer with a cone and plate geometry (15 mm diameter, 0.1 rad angle) were carried out at 70 °C. Strain sweeps from 0.01 to 10% strain amplitude were applied in dynamic shear using a frequency of 1 rad/s. A Gnomix instrument was employed for pressure-volume-temperature measurements. The method is based on the confining fluid technique, with the sample surrounded by mercury. A detailed description of the apparatus can be found elsewhere. 32 Isobaric volume measurements were made during cooling at a rate of 0.5 deg/min isobarically at hydrostatic pressures from 10 to 160 MPa. Isothermal runs were also conducted at a rate of 4 MPa/min for determination of the bulk modulus over pressures ranges from 10 to 80 MPa.
RESULTS
We studied the effect of silica particles on the viscosity and modulus of PVAc for filler concentrations from 0 to 28% by volume. A convenient metric of the filler-induced changes is to ratio the property of the filled polymer to its unfilled counterpart, and such reinforcement ratios are plotted in Figure 2 for the viscosity, shear modulus, and bulk modulus as a function of filler loading. Also plotted is the Guth-Gold expression, 36 an extension of the Einstein viscosity equation with inclusion of a higher order term:
In this equation φ is the volume fraction and the subscript zero denotes the unfilled polymer. Alternative expressions for the reinforcing effect of particles are reviewed elsewhere. 37 For our purposes the Guth-Gold equation is used to estimate the hydrodynamic effect of the particles, and as seen in the figure, the experimental viscosity (η) and dynamic shear storage modulus (G') are larger than the prediction. This additional reinforcement can arise due to polymer chains bound to particles or occluded between aggregates, as well as from the formation of a continuous filler network. The latter only occurs at sufficient filler concentration, and this flocculated ("jammed") structure is highly sensitive to strain. These components of reinforcement are depicted schematically in Figure 3 . The large strains in the Mooney viscosity measurement would break-up any filler network, so that we can ascribe viscosity enhancements above Equation 3 to bound and/or occluded polymer. Even more pronounced is the modulus enhancement due to the filler network. The filler concentration dependence of the dynamic storage and loss moduli in the low strain region (0.01 to 0.1% dynamic amplitude) are plotted in Figure 4 . Both quantities rise steeply around φ = 11%, denoting development of a flocculated network. The contribution of the latter is reflected in Figure 2 in greater departures from the Guth-Gold prediction. Break-up of the silica network, of course, is the cause of the difference between in G' for high and low strains at the higher filler concentrations in Figure 2 .
Unlike the substantial effects of filler on the shear viscosity and modulus, the φ-dependence of the bulk modulus (K) is quite weak (Figure 2) , below even the hydrodynamic Guth-Gold values. The bulk modulus of the silica is approximately 30 times larger than K of PVAc. Given this disparity, we assume that only the polymer is compressed under hydrostatic pressure, with the predicted K seen (Figure 2 ) to be in good agreement with the experimental data. This result is consistent with other, unpublished results on a variety of filled elastomers, as well as data from Holownia 38 on carbon black-filled polydienes. Generally the reinforcement mechanisms active in shear and uniaxial strain do not affect the bulk deformation behavior of filled polymers. The mechanisms depicted in Figure 3 are negligible for hydrostatic compression; the only effect of filler particles on K is to reduce the concentration of deformable polymer.
In Figure 5 are shown the DSC results for the PVAc for various φ. There is no change in the glass transition temperature due to the filler. Consistent with these results, the calorimetric fragility, defined as the change in the normalized fictive temperature with cooling rate, 39 is also invariant to silica content ( Figure 6 ). Both results corroborate previous finding of no change in the local segmental relaxation times, measured by dielectric spectroscopy, in the presence of the filler ( Figure 7) . As shown in Figure 1 , there is a significant amount of polymer-filler interface, especially at the higher filler loadings; nevertheless, the segmental relaxation dynamics for this interfacial material are not measurably different from that of neat PVAc. There is a change in the dependence upon development of a filler network.
Dielectric spectroscopy is an attractive method to quantify the local segmental dynamics because the permittivity can be measured over 10 or more decades of frequency. However, for polymers containing carbon black or other conductive fillers, dielectric measurements are complicated by the contribution to the spectra from ionic conductivity. In such circumstance, the scaling exponent (Equation 2) can be determined from PVT measurements, without the need to superpose any experimental τ α . This follows from the fact that the relaxation time at the glass transition is a constant, 32 so that the scaling exponent is defined along the glass transition line, T g (P), according to (4) Of course, the same PVT data are necessary to determine γ from superposition of τ α (T,V), so use of the equation simply obviates the need for measuring τ α at elevated pressures. Relaxation times measured at ambient pressure, in combination with the scaling relation, can be used to determine τ α for any pressure or for isochoric conditions. The lower plot was normalized by the polymer content.
The scaling exponents for the PVAc with varying silica content determined from PVT measurements are displayed in Figure 4 . At the onset of an agglomerated filler network, there is increased sensitivity to volume, manifested as a change in the variation of γ with φ. (The specific volume used in Equation 4 was that of the polymer only. Using the total volume decreases γ somewhat, making γ a weaker function of φ; however, the change in behavior at the percolation threshold remains.) Using the obtained values, γ = 2.21 ± 0.14 for the unfilled PVAc and 3.78 ± by volume silica. The latter has no effect on the calorimetric fragility. 0.17 for φ = 28%, the dependence of the relaxation times on the scaling variable TV γ are calculated ( Figure 8) . To extend the range of the dynamic data, we have made use of dielectric τ α reported by Richert 40 for a lower molecular weight PVAc (see Figure 7) .
The scaling relation enables the relaxation times to be deduced for any thermodynamic conditions, and in Figure 9 we use Equation 2 to calculate the variation of τ α with volume. Interestingly, although the relaxation times and their temperature dependence at low pressures are insensitive to filler (Figure 7) , the volume-dependence is markedly affected by the silica.
An interesting phenomenon in both molecular liquids and polymers is the characteristic change in the dynamics at a temperature, T B , above T g . This "dynamic crossover" is manifested as a change in the temperature dependence of the dielectric strength (reflecting the amplitude of the molecular motion), which decreases much more rapidly with temperature above T B . 39 Other properties, including the breadth of the relaxation function and the relaxation times show similar changes in temperature dependence at T B . 41 The origin of the dynamic crossover is still debated, with various models offering different interpretations: (i) a liquid-liquid transition as postulated for polymers by Boyer; 42, 43 (ii) a crossover from free diffusion to highly cooperative diffusion, as predicted by energy landscape models, first advanced by Goldstein; 44 (iii) percolation of "liquid-like cells", according to the Cohen-Grest free-volume model; 45, 46 (iv) a marked increase in the degree of intermolecular cooperation, according to the coupling model of Ngai; 47, 48 and (vi) the divergence of the viscosity according to Mode Coupling Theory. 49, 50 The usual method of determining T B is from the model-independent derivative function of Stickel et al. 51 (5) which yields a straight line whose slope changes at T B . For PVAc at ambient pressure, T B = 383 K, 47 for which τ α = 3.1 (± 0.2) × 10 -7 s. This value of the relaxation time is indicated in Figure  8 . An interesting aspect of the dynamic crossover is that the relaxation time is constant at T B ; that is, while higher pressures increase the temperature of the crossover, τ α (T B ) remains the same. 52, 53 Using this fact, we can calculate the effect of filler on the pressure-dependence of T B for the PVAc. Since τ α is defined by the quantity TV γ , we calculate for various pressures the temperature at which τ α (T B ) = 3.1×10 -7 s. The results are shown in Figure 10 . Reflecting the stronger influence of volume (larger value of the scaling exponent), the temperature of the dynamic crossover increases more rapidly with pressure in the presence of the silica filler. 
SUMMARY
In filled polymers, there are different variables to control the reinforcement, such as the size and concentration of the particles, and the nature of the polymer-filler interface. The presence of bound polymer and the introduction of a jammed filler network can enhance the modulus significantly beyond the hydrodynamic effect of particle inclusions, at least for shear and tensile modes of deformation. However, for hydrostatic pressure there is no relative displacement between polymer chains and the particles, and thus the same fillers do not "reinforce" the bulk modulus. The only effect on the resistance to pressure is due to the decrease in the amount of deformable polymer. It was suggested by Leaderman 54 that intramolecular motions control the bulk modulus, while the shear modulus is governed by the intermolecular (intersegmental) dynamics. This is consistent with our earlier finding that the strength of the dielectric normal mode of polymers is insensitive to volume changes. 55 The inference is that the chains accommodate hydrostatic pressure by a reduction in interchain distances, with minimal change in the molecular (chain coil) size per se. The idea is that the bulk modulus arises from van der Waals interactions, whereas rubber extension is largely an entropic process. 56 (Although the two processes are coupled, since shear strains require moving other molecules aside, so that even far from where the molecular reorientation occurs, an added pressure is felt due to an elastic misfit.) This implies that calculations, for example of Poisson's ratio, based on interconversion between the modes should be approached with caution due to the dissimilarity of the mechanisms. Recent studies have highlighted these differences. [57] [58] [59] Our results for filled PVAc emphasize the difference in the molecular origins for shear and hydrostatic deformation, evident in the very different effects of particle reinforcement.
Nearly 40 years ago, Kraus and Gruver 60 stated: "It is well known that the glass transition of high polymers is virtually unaffected by incorporation of reinforcing fillers at technologically important loadings." Although some studies have concluded otherwise, 26 the present findings for silica-filled PVAc and our other recent work 11,61 support this conclusion. However, the invariance of T g , its rate dependence, and the low pressure segmental relaxation properties to filler notwithstanding, the segmental relaxation times become more sensitive to volume in the presence of filler. There is an abrupt increase in the scaling exponent, characterizing this volume-dependence, at a filler concentration associated with formation of a percolated filler network. One consequence is an increase in the pressure-dependence of the dynamic crossover temperature, demarcating the onset of strong intermolecular cooperation of the dynamics. These results may be connected to the observation that filler slows the rate of structural relaxation in the glassy state; 62, 63 such physical aging is governed by the loss of volume. Current efforts are directed to assessing whether the enhanced volume sensitivity of the segmental dynamics is a general phenomenon in filled polymers.
